Abstract. The Mon-Fayette Expressway is one of the largest highway construction projects undertaken in PA in recent years. A 400-foot long segment with ingress and egress ramps was scheduled for construction over an active 10-acre coal tailings (fine coal refuse) disposal impoundment in Washington County, PA. The coal tailings are deposited by a slurry pipeline, are not traversable, and are over 40 feet thick in the central pond portions. The initial approved Expressway plans included construction of a temporary dike, separating the active slurry pond from the highway right-of-way, followed by complete removal of the tailings upstream of the dike. The remaining void would be raised to highway grade with a structural earth and rock fill followed by removal of the temporary dike. A dam would be constructed on the highway embankment slope to isolate the highway and its supporting embankment from the tailings pond.
Introduction
A section over 1,000 feet long of the Mon-Fayette Expressway (MFX) was to be constructed over an active fine coal refuse (FCR) slurry pond, in Washington County, Pennsylvania.
Construction included isolating the highway right-of-way from the slurry pond by constructing a temporary dewatering dike and removing the FCR upstream of the dike. The remaining void would then be filled with a structural fill to the highway grade. Uncertainties associated with the plan included: 1) the method for constructing the in-pond separation dike, 2) the dike removal following construction of the highway embankment, 3) the construction of a dam between the highway embankment and the slurry pond, and 4) the tight construction schedule.
In late 1999, Howard Concrete Pumping Company, Inc. (HCP) and GAI Consultants, Inc.
(GAI) proposed an alternative technique for: 1) eliminating the construction and preclude the removal of the temporary dewatering dike, 2) avoiding the removal and disposal of the FCR within the expressway embankment footprint, 3) reducing the construction cost of building over the slurry pond and 4) keeping the project on schedule. The objective of the proposed method was to solidify the FCR in-place to obtain a suitable sub-grade for construction of both the expressway embankment and the dam between the expressway and the slurry pond. A cement-fly ash grout/slurry, employing shallow and deep soil mixing was proposed to solidify the FCR. A laboratory program was initiated to determine the feasibility of stabilizing the FCR.
Early test data was promising and led to propose a plan for insitu solidification. The concept was eventually accepted and contractual arrangements made to fast track the project.
In June 2000, work began to solidify the in-place FCR in an approximately 10-acre portion of the coal tailings impoundment (Fig. 1 ). The area treated had to comply with the requirements for a stable foundation for a dam and section 52F2 of the MFX embankment. That is, the strength parameters of the sub-grade generated through in-place solidification had to be equal to or better than those provided by conventional earth fill materials. Quality control and safety procedures had to be strictly followed. 
Grout Mix Design
The final laboratory dry grout mix design consisted of Portland cement and Type F fly ash.
The blend was selected after combining an engineering review and analysis of the laboratory test results with the economic suitability of the mix. The proportions of as-received components made up one cubic yard of grout mix.
The grout mix was monitored through unconfined compressive strength (UCS) testing, which was performed on the 7-day and 28-day basis for all grout mixes. The earliest curing time in which UCS testing was performed for equipment to operate on the treated material was 5 days.
The acceptance criteria was a 100 psi or greater 28-day UCS as determined by American Society In-place mixing took place by working from the edges of the slurry pond and progressing inward working over increasingly deeper FCR. Only during the initial stages of the solidification work was the equipment working from natural ground. A stable platform of solidified FCR to work from was created as the solidification progressed. Prior to the solidification of the blended materials, the uppermost layer was graded to provide a relatively flat working surface once solidified. Crane mats were used during deep mixing operations.
Mixing took place below the slurry pond pool elevation and proceeded row-by-row over the length of available surface area. The solidified FCR raised the finished surface above the initial starting elevation as a result of the addition of the grout mix. Since the surface was raised more over the deeper portions of the FCR, a positive slope on the solidified FCR was maintained to drain to the existing slurry pond to prevent water and tailings from encroaching on the completed work area. This required partial placement of the highway embankment fill over the completed work area.
Proceedings America Society of Mining and Reclamation, 2004 115 The mixing plan to solidify the FCR in the slurry pond consisted of two phases: Phase 1 was performed from the slurry pond bank where FCR was mixed using a long stick backhoe equipped with a special bucket (shallow mixing). Phase 2 was conducted with deep soil mixing equipment utilizing auger paddles supported by a crane.
The grout mix preparation plant consisted of a volumetric grout mixing plant, grout agitator, positive displacement grout pumps, and flow meters. Flow meters were calibrated at the start of the project and periodically to insure the accurate delivery of the grout mix components. The cement and fly ash were stored on-site in bulk containers and stockpiles. The grout mix was produced at a rate sufficient to supply the shallow and deep mixing operations, and samples were taken and tested to verify the use of correct quantities of materials.
The grout mix was pumped from the preparation plant to the shallow or deep mixing location with positive displacement pumps through four-inch and three-inch diameter pipelines. As specified by Quality Control and Quality Assurance (QC/QA) procedures, the grout mix slurry was monitored continuously to insure that the correct quantity of grout mix was delivered to the FCR, and samples of the treated FCR were taken and tested to verify that the design strength was being met. The electric motor and mixing system had two speeds. The low speed was used at the beginning of each stroke to assure accuracy and control, and also when obstructions or difficult mixing conditions were encountered. The high speed was used for soil mixing during penetration and withdrawal. All adjustments to the RPM and penetration rate were monitored and changes were made to the injection rate of the grout mix in accordance with the mix design.
Penetration into material more resistant than the FCR (natural ground) was determined by the base machine operator. Advancement diminished as the mixing tools passed through the FCR and into native soil. This was accompanied by a sharp increase in amperage as the mixing tools penetrated into material other than FCR and a slow down of penetration rate. The stroke length was determined in advance and if the increase in amperage coincided with the anticipated depth of the stroke, it was considered that the bottom of the FCR had been encountered. No significant penetration into native soil was conducted. The existing FCR surface at the location of each element was determined by the depth of the element.
During the withdrawal of the augers the motor was reversed to achieve additional blending of the grout mix with the FCR. Higher rotational speed was used during withdrawal.
The grout slurry injection rate per vertical foot of element was performed in accordance with the requirements of the design mix. The design quantity of slurry for the length of the stroke was injected during the penetration and bottom mixing. (Fig. 6) . In practice, the solidified columns may slump slightly and could squeeze any untreated material.
The average production rate was about 500 cubic yards per rig-shift. On average, 20 strokes per rig-shift were completed under optimal working conditions. Where mixing was shallowest, it was also the least efficient, having many more location set-ups and moves between strokes.
Any obstructions encountered during the mixing operation reduced this production rate.
Shallow and deep soil mixing required approximately 5.25 million gallons of water over the duration of the project. Water was available from a local water company (potable) and was adequate for blending with fly ash and cement. For the production rates described earlier, the specific requirements were approximately 115,000 gallons per day, delivered at 150 gallons (20 cubic feet) per minute per base machine.
Material Sampling and Testing
All grout mix samples were randomly selected as approved by the Engineer. One set of samples was retrieved daily from the mix plant for strength testing, on a random basis according to the Pennsylvania Test Method (PTM) No. 1. Three-day strengths were typically obtained in accordance with ASTM 2166 and used to verify the consistency of plant mixing operations.
A sample of in-place treated FCR material was taken randomly on a daily basis, in accordance with PTM No. 1. The bulk samples were secured by a special tool from the in-place slurry mix at one of three depth locations (bottom, mid-depth, and near top). The slurry mix was molded into cylinders in general accordance with ASTM 4832. Acceptable results were based on the UCS achieving 100 psi in 28 days. Intermediate testing was performed to verify that a minimum strength of 30 psi was achieved before the deep mixing equipment was moved onto the area. Typically, these were 3-day or 7-day strength verifications. However, final acceptance was based on 28-day strengths achieving an UCS of 100 psi.
One 7-day sample and one 28-day sample from each bulk sample secured from a single location was subjected to UCS testing (ASTM 2166). One direct shear test (three-point series)
was conducted on reconstituted samples of solidified FCR for every 40,000 cubic yards of FCR mixed. Testing results were submitted with the Daily Quality Control Report.
If the test samples did not meet the specified strength criteria, the Portland cement portion of the design mix was increased and the rate of testing was increased until the desired strength criteria were met.
Ultimate In-Place Testing. The soil mixing treatment areas cured for a minimum of 28 days prior to performing the confirmation borings. Six (6) geotechnical borings were performed to document the in-place quality of the solidified FCR. Cores of the treated FCR were obtained where practical, and subject to UCS tests. The tests were performed to confirm that the material was relatively homogeneous and that the required UCSs were being attained. Acceptable results were based on a 28-day or later UCS equal to or greater than 100 psi. Standard Penetration Tests (SPTs) were used as a guideline to establish, through appropriate correlations, the strength of the material. Additionally, the Engineer selected test pits for excavating within the solidified FCR to obtain a broader perspective of the mixing quality and to retrieve samples. (1) Extrapolated from 34-day breaks.
Since the angles of internal friction for solidified FCR are greater than those used in the previous analyses, even if the cohesion values are assumed to be c = 0.0, the minimum slope stability factors of safety for solidified FCR would also be greater. Therefore, the previously analyzed, reviewed, and approved slope stability analyses were considered conservative and additional slope stability analyses using the test strength parameters for solidified FCR were not necessary.
Quality Wrap-Up Insurance requirements. Standard equipment safety procedures for heavy construction were followed.
Concluding Remarks
The original plan for constructing the MFX required a temporary dewatering dike to isolate a dam (to expand the storage capacity of the slurry pond) and the MFX embankment areas from the active slurry pond. Upon completing the dewatering dike, the FCR upstream (west) would have been excavated, dewatered by the addition of dry coal combustion products (fly ash), and then placed in a permitted disposal facility. This plan complicated the MFX construction
schedule. An additional difficulty was that substantially more FCR occupied the area to be excavated, dewatered and disposed of than reported on the bid documents. Further, the construction and subsequent removal of the dewatering dike could have disrupted on-going FCR recovery dredging operations within the active slurry pond.
Solidification of the FCR eliminated construction and eventual removal of the temporary dewatering dike; and removal, stabilization and disposal of a substantial quantity of FCR.
Additionally, the volume of structural (earth) fill that was required to complete the dam was reduced substantially, enabling the general contractor to allocate more preferred borrow materials to the dam construction.
In In brief, the in-place solidification of FCR offered significant time and cost savings and it is recommended for projects similar to the MFX.
